The metabolomic blood analysis can be used in clinical laboratory practice to improve the efficiency of diagnostics and risk assessment of diseases, since the current clinical diagnostics is not able to cope with the full range of possible human diseases. According to the latest advances in analytical and computational tools, not more than 1 μl of blood is required for metabolic analysis. Therefore, the dried blood spot method is a low invasive method and allows collecting samples with ease of manipulation and minimal costs. In addition, samples can be collected outside the laboratory at home. This review details the dry blood drop method for obtaining a sample for the metabolomic analysis of blood. The review also describes the use of dried blood spot in the workflow with the metabolome blood analysis by direct mass spectrometry, which includes direct injection of extracted from the spot metabolites into the ionization source of quadrupole time-of-flight mass spectrometer
The need to study a low-molecular weight fraction of human blood (metabolome)
A human metabolome is a complete set of low-molecular substances (metabolites), or in other words, a biochemical phenotype of the organism. Metabolome is the result of the interaction of the genotype with the environment. Unlike the genome, transcriptome and proteome, the metabolome is directly related to the biological functions of the body. Metabolites are substrates, intermediates and products of all biochemical reactions occurring in the body, including pathological biochemical processes. Therefore, metabolomic assays can be used in clinical laboratory practice to improve diagnostic efficiency and identify risks of disease occurrence [1] [2] [3] [4] . The current clinical diagnosis is not able to cope with the full range of possible human diseases, both existing in the body, and those that can only occur under the influence of a lot of xenobiotics, constantly getting into the body from the air, with food and water, and also which are medicines.
Metabolomic analysis of blood has an un-targeted (review) nature, in contrast to the targeted nature of modern clinical laboratory diagnostics. The ability to simultaneously detect in the blood the entire set of low-molecular substances, including tens of thousands of xenobiotics and markers of various diseases, can significantly improve a person's health and increase the life span. Metabolomic analysis allows regular monitoring of the "health" of a person, controlling the biochemical processes that occur in the body and providing the opportunity to correct them, which is necessary, and perhaps also a sufficient condition for the realization of the longevity laid down in the human genotype [5] .
The relevance of the metabolomic blood test in clinical practice
First, even a person who is considered healthy is always in a state of chronic intoxication. At the same time in the body of each person dozens of toxins are present, causing harm to health and reducing the life span of a person. In this connection, a method is needed that makes it possible to identify xenobiotics (characterized by extreme diversity) in the human body [5] .
As already mentioned above, xenobiotics constantly get into the human body from the air, with food and water, as well as being medicines. Food always contains substances that are to some extent toxins for the body and capable of being mutagens or carcinogens, built into metabolic pathways. These can be toxins produced by humans, such as pesticides, industrial waste, by-products of food production, medicines. And can be the products of the life of bacteria and fungi that pollute food and water [6, 7] . A lot of toxins arise when cooking food, both at home and in industrial production. For example, proteins of meat and cereal products containing nitrogen, under the influence of high temperatures are converted into acrylamide and benzpyrene, which are the strongest mutagens. When smoking food, N-nitroso substances appear, which become mutagens after they enter the body [8] .
Many organic substances, having volatility, easily enter the body during respiration and cause a variety of diseases, including kidneys, the immune system, the hormonal system, blood, and of course, the respiratory system [9] . Any household chemicals, building materials (floor and wall coverings, wood-shaving and varnish-painted materials) also release volatile substances that can enter the human body [10, 11] . Some of them are found in 98-100% of the volunteers surveyed [12, 13] . The literature has even been given the name "sick building syndrome" for characterizing the condition of people who have been staying in a newly renovated or build room for a long time [14] . The carpet is a great source of toxins; more than 90% of the studied carpets contained a neurotoxin in significant amounts [15] . In another study, in each of the studied carpets, an average of 12 pesticides and their derivatives were found to show that carpet covers are the largest source of such pesticides as DDT, aldrin, atrazine and carbaryl, which enter our body through the lungs [16] .
The toxin database "Toxin and Toxin Target Database" (T3DB) (http://www.t3db.ca) contains more than 40 thousand substances that can enter our body. And these are only those for which the toxic effect is confirmed, and measured over a relatively short period of time. But for most xenobiotics (including drugs), the not time-resolved consequences of their effects on humans are unknown. Any xenobiotic, which has got into the body throughout life, can potentially harm human health and shorten lifespan.
To date, increased attention is being paid to the possible toxic effects of those xenobiotics that are medicines, namely, irrational drug therapy. Irrational drug therapy is observed in 60% of cases and is the result of mass self-treatment, growing production of generics, simultaneous admission of several drugs by patients, as well as different pharmacokinetics of drugs in different people. The doctor cannot confidently state what medicines are present in the patient's blood at the moment, and at what concentration [17] . Irrational drug therapy leads not only to chronic drug intoxication, thereby reducing life span, but can lead to death. Only in the US, 100,000 people die every year from irrational drug therapy.
Secondly, several thousand human diseases are known. The indication for conducting a diagnosis that can detect them is the manifestation of clinical signs of the disease, that is, when the disease is already causing visible damage to health. Without such manifestations, dozens of diseases persist in the body for a long time and covertly, worsening health and shortening the life span of a person. Therefore, a method is needed to identify the entire variety of possible pathological processes in the human body [5] .
Several thousand nosological forms have been described by the World Health Organization (WHO). Unfortunately, in the overwhelming majority, the symptoms of diseases are found even when the disease has developed. Often this development lasts for years, does not manifest itself at all, and the diagnosis is made when treatment can only alleviate the condition of a person, but not heal it. Preventive measures, including laboratory diagnostics, cannot cope with the existing situation precisely because of the excessive variety of the described diseases.
The metabolomic blood test is designed to cope with the two global problems of diagnosis described above -the presence in the body of tens of thousands of xenobiotics, which daily poison the human body and the simultaneous presence of many pathological processes occurring in the same organism. Only a metabolomic blood test, which, as mentioned above, is of an un-targeted nature, can reflect the entire list of low-molecular substances that go beyond the "norm" and "health", that is, xenobiotics and markers of the vast majority of diseases that are dangerous to health.
Mass Spectrometry Analysis of blood plasma metabolome
Most often, metabolomic analysis for the diagnosis of diseases or toxicological research is an analysis of the low molecular weight composition of blood as the main carrier of hormones, substrates and products of biochemical reactions [18, 19] . A metabolomic blood test can be performed by two methods -NMR spectroscopy and mass spectrometry [2, [20] [21] [22] [23] , but in medical studies for metabolomic analysis, mass spectrometry is mainly used, because of the greater sensitivity of the method. A very detailed description of the mass spectrometry analysis of blood metabolome was described by Lokhov, et al. [24] .
The mass spectrum in this case is obtained by direct injection of a blood sample in acidified methanol into an electrospray ionization source of a quadrupole-time-of-flight mass spectrometer. The resulting mass spectrum reflects a metabolomic pattern, the statistical analysis of which in the group with metabolomes of healthy persons allows us to establish the normality of the metabotype, identify xenobiotics, low molecular weight biomarkers of diseases, and apply metabolomic diagnostic signatures [24] .
It should be noted that for metabolomic analysis, not more than 1 μl of blood is needed, therefore the volume is determined exclusively by the convenience of manipulation and can be carried out even outside the laboratory. Given the focus of this review, it is necessary to consider in detail the use of the "dried blood spot" (DBS) method to obtain a sample for metabolomic analysis.
Historical background on the use of DBS in biomedical research and medicine
The idea of using blood collected on a paper card from cellulose is attributed to Ivar Christian Bengu, the father of modern clinical microanalysis [25, 26] , who in 1913 determined glucose in eluate of DBS [27] . Subsequently, several researchers used the DBS in serological testing to diagnose syphilis [26] . In 1924, Chapman summarized the benefits of DBS analysis, emphasizing four points that are still relevant today: (1) compared to conventional venipuncture, requires a much smaller amount of blood, and this fact was the most important in pediatric diagnostics; (2) collection of blood is simple, non-invasive and inexpensive; (3) the risk of bacterial contamination or hemolysis is minimal; and (4) DBSs can persist for a long time, practically without worsening the results of the subsequent analysis [26, 28] . In addition to the use of DBS in syphilis testing, as early as 1953, the method was used for the detection of antibodies against measles, mumps, poliovirus, parainfluenza virus and respiratory syncytial virus (RSV) [26] , as well as for detection antibodies to schistosome in the DBS taken from endemic areas and analyzed more than three months later [29] .
In 1963, fifty years after the first report of Bang [26, 30] , Guthrie published his famous method for the diagnosis of phenylketonuria in the DBS derived from the newborn's heel [31, 32] . Although no this analysis is currently being conducted, it still forms the basis of the modern screening programs for newborns around the world [33] . The initial semi-quantitative test for phenylketonuria screening, developed by Guthrie, based on the inhibition of the bacterial culture, was very sensitive, but had poor efficacy [34] . Thanks to the introduction of advanced analytical methods that expanded the testing capabilities and improved its effectiveness, the possibilities of using newborn screening with the DBS were expanded. In many medical centers, the testing began to include screening for congenital hypothyroidism and cystic fibrosis [35] .
Although the DBS has since been regarded as a generally accepted method for collecting, storing, transporting and analyzing human blood [29] , its use in laboratory practice for decades has remained focused mainly on the diagnostics of infections and the screening of newborns for hereditary metabolic disorders [36, 37] . Since 2005, however, new and innovative techniques have started to appear using DBSs. This led to an almost exponential increase in the number of relevant scientific publications on the DBS from 50 to almost 450 annually at the present time. Among the new areas of application are such diverse fields as toxic and pharmacokinetic studies, metabolic profiling, therapeutic drug monitoring, forensic toxicology, environmental pollution control [37, 38] .
Use of DBS in medical diagnostics
Advantages of using DBSs before liquid blood samples (whole blood, plasma, serum) are obvious and are as follows: 1) simplicity and accessibility of reception among any population groups; 2) blood sampling does not require the conditions of a clinical laboratory; 3) the samples do not require urgent additional processing (for example, the production of serum); 4) small volume gives compactness during storage and transportation; 5) samples are less dangerous to handle; 6) low probability of contamination of samples.
However, a small sample volume also means that the concentration of the target analyte is potentially rather low (it may be less than 1 ng/L), which requires an extremely sensitive method for detecting and quantifying the substance. Currently, the most common method for the analysis of DBSs is mass spectrometry [39] [40] [41] [42] . The use of mass spectrometry (MS) in clinical laboratories led to a more frequent use of the DBS method, not only for screening newborns, where MS began to be used in the 1990s [43] .
Researchers began to find a new application of DBS for mass spectrometric analysis. The DBS method has been used for a number of clinical purposes, including drug toxicology and sports doping screening. But scientists and laboratory workers, on the other hand, have problems with how to ensure optimum sensitivity, reproducibility and accuracy in mass-spectrometric analysis of DBSs.
The first application of mass spectrometric analysis to dried blood spot was reported more than 40 years ago (in 1976) for the detection of fatty acids by chemical ionization [44] . By the mid-1980s, when gas chromatography (GC) became the main method for separation and analysis of small volatile molecules, the derivatized fatty acids were measured in DBS samples using gas chromatography coupled with mass spectrometric detection of substances (GC-MS) [45] . In the 1990s, when electrospray ionization became commercially available, liquid chromatography associated with mass spectrometric detection of substances (LC-MS) was introduced into analytical tools for neonatal screening laboratories, which led to an expansion of screening to phenylalanine and tyrosine, two early markers [43, 46] . To date, dried blood spot mass spectrometry (tandem mass spectrometry) is a workhorse for many laboratories for screening newborns around the world; and additional tests are added to the list. In addition to screening for newborns, tandem dried blood mass spectrometry (DBS-MS) was used for epidemiological screening, analyzing blood spots for the presence of benzoylecgonine (the primary cocaine metabolite) [47] .
At present, the list of substances and biomarkers detected in the DBS by mass spectrometry is growing every day [48, 49] , having long gone beyond the screening of newborns. It is noteworthy that the DBS analysis with the MS now covers translational studies and clinical diagnostic tests in the field of therapeutic drug monitoring (TDM); pharmacokinetics; toxicokinetics; forensic medical examination; endocrinology and metabolism; and in other areas of bioassay. Therapeutic and toxicological analyzes of various drugs are most widely reported in the literature using DBS-MS (both LC-MS and GC-MS) [50, 51] . Also, DBS-MS is now often used in sports doping tests to detect anabolic, ergogenic and masking agents [52] [53] [54] .
Regardless of clinical application, there are some analytical features. A number of parameters can affect the accuracy of measurements in the DBS [44] . Proceeding from this, a general step-by-step protocol is needed for use in the laboratory of the DBS for the analysis of low molecular weight fraction of blood [55] [56] [57] . The researchers proposed the following procedure for the preparation and treatment of DBSs: (1) blood sampling; (2) receiving blood spots; (3) drying blood spots; (4) storage and transportation; (5) elution of the DBS; and, finally, (6) mass spectroscopic analysis of the DBS eluates.
It should be noted that this order requires adaptation to the tasks posed by direct mass spectrometry used for metabolic blood analysis. That is, when a sample of blood in acidified methanol comes through direct injection into an electrospray ionization source of a quadrupoletime-of-flight mass spectrometer.
Preparation of a DBS sample
The DBS preparation includes the following processes: 1) blood collection from the patient; 2) obtaining blood spots on the carrier; 3) drying; and 4) transportation and storage of the DBS sample. In addition to the usual requirements for routine blood collection, additional problems arise in DBSs preparation, including the quality of the DBS sample (which depends on the collection of the sample and the differences in the spots obtained), the choice of the carrier for collection, the method of transport and storage. Moreover, biological factors such as sample viscosity, hematocrit level, and the nature of the analyte (for the targeted assay) can lead to a change in the quality of the sample.
To control the quality of this stage, the following guidelines have been issued: on patient identification -"Safety and Quality Improvement Guide Patient Identification and Procedure Matching. Australian Commission on Safety and Quality in Health Care" [58] ; on sampling of capillary blood -"Guidelines on Drawing Blood: Best Practices in Phlebotomy, Capillary blood sampling. World Health Organization" [59] ; for the selection of filter paper and for applying a sample to the filter paper -"Blood Collection on Filter Paper for Newborn Screening Programs; Approved Standard" [60] ; and on packaging and transportation of a sample of the DBS -"Laboratory Quality Assurance and Standardization Programs. Guidelines for the Shipment of Dried Blood Spot Specimens. USA: Centers for Disease Control and Prevention" [61] .
Blood sampling
The technique of blood sampling is important for an accurate analysis of the DBS. Capillary blood sampling is a common approach, as it usually requires less sample volume and more friendly to the patient, compared to venipuncture. As the World Health Organization (WHO) and the United Nations International Children's Emergency Fund (UNICEF) certify the quality of the DBS samples and ensure the safety of health care workers by providing guidelines and instructions for the DBS samples [62, 63] . Because of the high occurrence of artifacts probability, special conditions of capillary blood sampling for the DBS are allocated, including: selection point injection, pricking device size, the injection depth, the flow rate during capillary blood, droplet size, uniformity of diffusion of the sample on a carrier, contamination of the DBS through prolonged exposure to air or light during the drying process. It is important to note that WHO indicates that "work with the DBS requires the same precautions with regard to biological hazards as whole blood or plasma [63] .
When taking blood samples for metabolic analysis, it is necessary to take into account certain features of metabolites. Lokhov, et al. indicate the following: firstly, this is the strong variability of their concentrations in the blood plasma. Thus, the distribution of metabolites in the body varies depending on its state and time of day, which imposes stringent requirements on the conditions for obtaining samples for analysis, i.e. blood samples should be taken at the same time. The second feature -this is the lack of species-specificity of the majority of metabolites, which leads to a significant influence, for example, food substances on the assay results. Therefore, blood sampling should be carried out before meals [5] .
Selecting the carriers for the DBS
From the literature data it is known that the collection of DBS samples is performed on one of two types of untreated solid substrate: pure cotton filter paper and glass microfiber ( Figure 1 ). The choice of carrier, including thickness and density, affects the rate of adsorption and dispersion of capillary blood. It has been shown that, for example, the rate of membrane nonspecific adsorption of the analyte decreases with the use of glass microfiber paper [64] . Accordingly, differences in the use of these two solid carriers can cause changes in the characteristics of the DBS samples, leading to potential differences in blood volume in the spot, the stability of the analyte, the number of target analytes, and the possibilities for further analysis [65] . These specific pre-analytic differences in DBSs require standardization.
Clinical and Laboratory Standards Institute (CLSI) offers a guide NBS01-6 for DBS obtaining [60] . The CLSI guidelines recommend the use of one of two special cards: Whatman 903 and Ahlstrom 226. Both filter papers are approved by the Food and Drug Administration (FDA), the Neonatal Screening Quality Assurance Program (NSQAP), and the Centers for Disease Control and Prevention (CDC) [60] . This guide is the starting point for selecting a carrier for obtaining a DBS.
Applying the sample to the filter paper
Both the Whatman 903 and Ahlstrom 226 cards have a printed collection area to provide a sample volume within 50-75 μl [60] . A drop of intact capillary blood should be applied to the middle of the collection area to provide radial dispersion to the isolated spot boundary. This lateral distribution is uneven, as shown by autoradiography [66] . Usually, the concentration of biomarkers decreases along the edge of the DBS, while the middle is subject to the "volcanic effect" (paper chromatography effect) and sometimes has a patchy pattern (thicker patterns) [67] . The physical characteristics of the DBS sample can also be affected by the hemoglobin and hematocrit levels of the patient; which also affects the area of spread of the drop of blood. Variations in the hematocrit will affect the relative percentage of plasma in the spot. This is important for analytes, mainly found in serum/plasma, because the relative amount of plasma in discs cut from different spots can vary, especially when the hematocrit is extremely high or low [68] . Samples of whole blood with a higher hematocrit tend to be less distributed on the filter paper (i.e., to form a smaller blood-spot diameter), and therefore the diffusion distance of the target analyte is shorter in such samples. The reverse effect is observed for blood samples with low hematocrit. As a result, the concentration of the analyte (as compared to the sample with "normal" hematocrit) can be determined higher or lower due to a change in the analyte distribution [69, 70] . Therefore, for an accurate quantitative determination, ideally, it is recommended to determine the patient's hematocrit either in a separate sample of capillary blood collected at the time of DBS production, or directly from the DBS-card.
Preservation of analyte stability (drying, storage and transport conditions)
Samples DBSs must be completely dried before transport and/or storage. It was shown that rapid drying and storage in low humidity conditions improves the stability of DBS samples [51] . The length of time required for drying in air will depend on local environmental conditions, such as air conditioning, room temperature and humidity. DBS drying usually takes from 90 minutes to about 4 hours, and ideally, the DBS sample should not be exposed to direct sunlight during this period.
A properly dried sample can then be placed in an envelope or a suitable container for logistically simple and economical transport [51] . Since the low volume of the dried sample significantly reduces the risk of transmission of infection compared to other biological samples [71, 72] , it can be transported in small light packages that do not require a special temperature. This is a significant advantage over the often cumbersome and expensive processes associated with the transport of liquid biological samples [51] .
Once the DBS samples are received at the destination, the size and properties of the DBS samples make their storage relatively easy, because, first, they require a minimum space, and secondly, they do not require a special temperature, they can be stored at room temperature.
However, one should keep in mind that the stability of various analytes in the DBS can be quite variable. Thus, it has been shown that the stability of numerous blood biomarkers in the production of DBS on paper at room temperature has been confirmed for at least 7 days [64] ; stability of pharmaceuticals, opiates and nucleic acids -for several months [73, 74] , vitamin D -for more than 20 years [75] . It was also shown that freezing at -20 °C or -80 °C enhances the stability of DBS samples; often increasing the stability of analytes from several days/months to several years [76] [77] [78] . In addition, according to some literature data, some metabolites have greater stability in the form of dried paper drops of whole blood, compared to plasma [79] .
As already mentioned, in addition to the storage time, many factors can affect the stability of the analytes: the type of filter paper, direct sunlight, temperature, humidity, and the nature of the target analyte. In the literature, it is possible to find the methodological results of some laboratories used in the preparation of the DBS to improve stability, for example: 1) a rapid decrease in the pH of the blood sample to increase the stability time of some structurally unstable drugs that degrade during the drying process; 2) the use of ethylenediaminetetraacetic acid (EDTA) as an anticoagulant for the preservation and stabilization of DBS samples for the determination of enzyme activity [80, 81] . Obviously, if there are so many variations in the stability of the analytes, it is necessary to develop special protocols for obtaining and storing DBS samples. In the literature, there are many recommendations adapted to specific tasks and objectives. In a review by Zakaria R. et al. there is a summary table that includes the stability time of the DBS samples for various analytes according to the literature [49] .
Analysis of DBS samples
The solid form of the DBS sample is incompatible with most analytical methods and requires the elution of a sample from a paper carrier. Accordingly, the sample analysis process typically includes three main steps: 1) primary sample preparation, 2) pre-treatment and 3) sample analysis. The analysis can be further divided into chromatographic separation and mass spectrometric detection. But in accordance with the metabolomic research, the quality of the entire analytical process must correspond to the fact that the analysis of samples is carried out by direct mass spectrometry.
Primary preparation of samples
Cutting a disc with a sample: Sample preparation usually begins with cutting out a portion of the dried blood spot from a paper carrier manually or in an automated manner. As a rule, in order to minimize sample differences due to which part of the spot is cut out, it is recommended to cut the disc all the time either from the center of the dried blood spot or closer to the outer edge [82] . The size of the cut out disc can vary from 3 -6 mm to the whole spot, depending on the method.
In the literature, methods have been proposed to minimize the problems of hematocrit variations and the associated difficulties in the preparation of samples. Strategies to overcome the effect of hematocrit include:
1. Preliminary cutting of disks from the paper carrier; 2. Apply a small volume of whole blood (e.g., 10 μl) to a pre-cut small disc (3 or 6 mm) and analyze the entire disc [83] [84] [85] [86] ;
3. Use of a two-layer polymer membrane to obtain a dried plasma spot from a whole blood sample to be analyzed after solid-phase extraction [87] ; 4. Development of a new DBS sample collection card to obtain a plasma sample of a specific volume (2.5 or 5.0 μl) from a whole blood sample. The prospective advantages of this matrix include improved reproducibility and selectivity of the assay, together with a simplified procedure for extracting the sample and eliminating the hematocrit effect [88] .
Elution: To analyze the analyte, it is first required to isolate it from a paper carrier using a suitable extraction buffer. Effective elution of analytes from the DBS is a complex process, and there is always the possibility of loss of the analyte due to inefficient extraction. A poor elution of the sample occurs due to incomplete extraction or degradation of the analyte. Therefore, the selection of the optimum extraction buffers may be different from the compound to the compound. As an example: pure methanol is considered a common solvent for low-extraction substances from the DBS sample [89] . Water, on the other hand, degrades the interaction between the cellulose and the hydroxyl groups of the target analyte and the partial addition of water preceded by organic extraction increases its effectiveness in some cases (e.g., for antiviral drugs) [90] . To achieve extraction of the analyte with maximum extraction efficiency, it is necessary to optimize the extraction parameters, including the composition of the extraction solution, the duration, the temperature and the application of additional ultrasound treatment, for each individual target metabolite [68, 91] .
Preliminary treatment of the sample.
Various approaches to sample preparation have been proposed, depending on the molecular characteristics of the target compound. Methods of preliminary processing of samples, either in combination with each other or separately, represent a classical process of sample preparation: 1) protein precipitation; 2) liquid-liquid extraction; 3) solid-phase extraction; 4) liquid extraction on the substrate; and/or 5) derivatization.
The extraction and derivatization procedures are largely time consuming and labor intensive. While derivatization is not required for most plasma analytes analyzed with LC-MS/MS, in many cases, DBS analysis needs to improve sensitivity by compensating for a small sample volume. However, since the derivatization process extends the total analysis time, it is considered to be a limiting factor and is the driver for the development of extraction methods that facilitate preanalytical processing of DBS samples.
Automatic sample preparation was introduced, directly related to the LC-MS/MS system, which reduces the time and cost of the process. Protein precipitation is a simple and popular method of automation that is used for TDM [92] . However, after one precipitation procedure, salts and other endogenous analytes are still present which can cause ion suppression in the MS process. Solid-phase extraction conjugated to LC-MS/MS is designed to automatically facilitate desorption of samples and is effective both in time and in cost by a method for analyzing DBSs [74, [93] [94] [95] [96] . Compared with protein precipitation, solid phase extraction is an improved purification of the sample [97] . There are specific problems with the use of automated extraction in comparison with the methods of autonomous extraction, which can also be a significant source of analysis errors: an inhomogeneous mixture of the internal standard with the analyte in the extract; dilution of the sample, and as a result, broadening the band in chromatographic separation and/or difficulty separating the extract on the analytical column [44] . Accordingly, in the process of developing a method to address these problems, certain strategies are required.
A technology has been developed that allows direct analysis of the DBS without the need to transfer to a liquid phase or elution. As described by the manufacturer, "Liquid Microjunction Surface Sampling Probes (LMJ-SSP)" are self-priming devices in which liquid is sucked off from an interesting surface and pumped to a mass spectrometer for complex extraction and ionization (Prosolia, 2014). Using LMJ-SSP technology, the analyte of interest can be directly extracted from different surfaces and detected by a mass spectrometer in a short period of time with minimal sample processing [98] . The LMJ-SSP device associated with MS was used to detect proteins in a DBS sample [99] , for detecting hemoglobin by direct tandem mass spectrometry [100] , and for detecting therapeutic drugs [101, 102] . The use of this method for the detection of thiophan preparation has shown that such direct derivatization on the spot is also effective both in time and in cost, as an alternative to the sample preparation procedure [103, 104] .
Analysis of samples
Gas chromatography is known as a cheaper and faster separation method compared to LC, since longer and more compact capillary columns are used that improve resolution. Analytical methods of GC-MS often offer higher separation ability and effective reproducibility in comparison with LC-MS. GC-MS is suitable for the analysis of volatile and semi-volatile organic substances, it can be used both for identification of unknown substances in mixtures and for quantitative analysis of target substances. These methods examine steroids, metabolites, and therapeutic agents using DBS samples [52, 103, [105] [106] [107] . However, the use of GC is limited to small molecules that are soluble in a certain solvent, volatile and heat-resistant, since derivatization is frequently required to convert nonvolatile molecules to volatile ones [108, 109] .
LC is the preferred method for analyzing temperature-sensitive analytes without limiting the molecular size. In addition, unlike GC, target compounds interact with both the mobile phase and the solid phase, leading to better selectivity [109] . The choice between GC or LC depends on the required sensitivity and characteristics of the target analyte. Although GC-MS provides selectivity, sensitivity and reliability for many DBSs analyzed, literature shows that it is not as popular as LC-MS/MS [49] . This is probably due to the improved specificity and sensitivity provided by LC-MS/MS for DBS analysis due to a much faster and usually more economical process compared to GC-MS [110, 111] . In addition, the improved HPLC technology allowed to increase resolution of peak separation (even more efficient than GC) [108, 109] .
With the introduction into the analysis of two-dimensional chromatography (2D chromatography) (applicable to both GC and LC), separation efficiency, analytical sensitivity, thoroughness and accuracy of quantitative analysis were improved. The 2D chromatography process reduced matrix and transport effects for DBSs, and related inaccuracies were reduced [112, 113] . With the further addition of automated extraction coupled to the 2D-C system, sensitivity and specificity become maximum when combined with a triple quadrupole tandem mass spectrometer or high-resolution quadrupole mass spectrometer (QTOF) [97, 114] .
Advances in ion source technology have increased the sensitivity of the assay, both for polar and nonpolar analytes from DBS samples [115] [116] [117] . Modes of selective or multiple monitoring in MS/MS detection significantly improved the specificity of the analysis, improving the linearity and detection limits [44, 118] .
Release from the phase of pre-analytical purification and chromatographic separation, DBS samples [119] use direct MS methods and LMJ-SSP methods in combination with MS. Desorption electrospray ionization (DESI), direct analysis in real time (DART), and direct electrospray ionization mass spectrometry (ESI-MS) are used to generate ions from the surface, thus avoiding purification or derivatization processes [119] [120] [121] [122] [123] [124] [125] [126] . However, it should be kept in mind that eliminating primary purification and sample separation can lead to loss of sensitivity and accuracy due to destroyed interferences of metabolites [125] . Thus, the use of direct MS methods is recommended to increase the sensitivity and accuracy of the measurement [111, 127] . Ultimately, the time efficiency and throughput must be balanced with the achievement of the desired results.
Mass Spectrometric Analysis of Blood Metabolome
The non-target (overview) nature of metabolic analysis is provided by the use of mass spectrometers with a high resolution of mass detection. At the same time, the mass spectrum is a "window" with a width of 1000 Da, in which all low-molecular substances are reflected with a resolution of 0.0001 Da in a range of concentrations up to 10 5 , capable of ionizing in the electrospray ionization source of the mass spectrometer. Given that only a small amount of low molecular weight substances is not completely ionized into electrospray, metabolic analysis is potentially suitable for detecting all abnormalities in the low molecular weight composition of blood [5] .
For medical purposes, metabolomic blood analysis is carried out by direct mass spectrometry, that is, by direct injection of the analyzed sample into the ionization source of the mass spectrometer, without prior isolation, separation or enrichment of the analytes under study (Figure 2 ). Since any additional stages of sample processing can introduce distortions into the overall picture of the metabolome, the "release" from them allows the analysis results to be brought closer to the "real" metabolome as much as possible. The use of modern mass spectrometers with a high resolution of the detection of masses of substances allows obtaining the "real" metabolome. For example, the use of a hybrid quadrupole-time-of-flight mass spectrometer (Q-TOF) for direct mass spectrometry makes it possible to detect 15,000 ion metabolites in the blood in only one mode of mass detection. This number of detectable ions should be sufficient to reflect the entire low molecular weight composition of human blood [128] .
Lokhov and co-authors [5] distinguished the following main characteristics of the metabolomic blood test on the basis of direct mass spectrometry.
1) The method analyzes low molecular substances up to 1000 Da, which include toxins, drugs and metabolites of both physiological and pathological biochemical reactions taking place in the body.
2) The method does not analyze metal ions.
3) The analysis is not targeted, which makes it possible to identify all the variety of non-normative substances in the blood.
4) It is possible to identify not every non-normative substance found in the blood.
5)
The mass spectrometric analysis of the blood sample takes place "as it is", that is, without preliminary sample preparation and with the direct injection of the analyzed sample into the electrospray ionization source of the mass spectrometer.
6) It is possible to use any biomaterial: blood plasma, venous blood, capillary blood, a drop of blood dried on a filter paper.
7)
For the analysis, it is necessary to have a micro-quantity of biomaterial (not more than 1 μl).
8) The effectiveness of metabolomic analysis depends on the power of the mass spectrometer used; for effective analysis, the resolving power of a mass spectrometer must be not less than 20,000 (the ratio of the height of the mass spectrometric peak to its width, measured at the middle of its height); accuracy of measuring the mass of 1-2 ppm and the width of the dynamic range of measurement of mass is not less than 10 5 . 9) Use a mass spectrometer with an electrospray ionization source (soft ionization almost does not destroy and well ionizes low-molecular substances); Figure 2 . The scheme for obtaining a human blood metabolome based on the MS data. A dry spot of capillary blood on the filter paper is sent to the laboratory for metabolomic study. The low molecular weight substances are extracted from the blood sample (1) and using Direct Mass Spectrometry (DIMS) (2), the mass spectrum of blood metabolites is obtained (3). The example below represents the mass spectrum (4) obtained by direct infusion of blood metabolites into the Electrospray Ionization Source of a quadrupole-time-of-flight mass spectrometer (Micro TOF-Q, Bruker Daltonics) set to detect positively charged ions. The mass-to-charge ratio is 50-1000. The mass spectrum shows the main registered groups of metabolites 10) The mass spectrometer is used in the mode of positively charged ions detection (the low-molecular composition of the blood is most fully reflected); measurement in the negatively charged ions detection is an additional option. 11) Alignment of mass-spectrometric data is an obligatory step before statistical processing of mass-spectrometric data.
12) The detection of non-normative metabolites is performed by statistical processing of data, by calculating the probability that the concentration of the substance in the blood is not normative. 13) Identification of non-normative substances is carried out by standardized methods and includes 4 levels of authenticity of identification.
14) The correspondence of the metabotype to the normal one, as well as the degree of deviation of the metabotype from the normal one, is estimated by statistical calculation of the probability that the metabotype belongs to a sampling of the healthy individuals.
15) The results of metabolic analysis do not have the status result of clinical laboratory diagnosis or a chemical-toxicology study.
16) The interpretation of the results of the analysis is performed by a physician-biochemist or a toxicologist.
Quality control
In conclusion, important points concerning the validation criteria and the introduction of the method for the MS analysis of DBS in clinical laboratory practice should also be discussed. The European Bioanalysis Forum (EBF) described the details of the DBS sample analysis methodology to provide specific recommendations for the validation of DBS methods [129] . The document containing EBF recommendations includes specific points: variability of cards for the collection of DBSs; sample variability; uniformity of the DBS; the effect of localization on the spot of the place from which the disk is cut out; stability of the sample; influence of physical parameters of blood; influence of the carrier; extraction; the application of the internal standard (IS) and internal quality control (IQC). In addition to the details presented in this document, it is necessary to consider the suitability of the method for use in clinical practice.
Card for collecting DBSs
To avoid problems with the variability between cards, the calibrator and control material must be prepared using the same type/ manufacturer of the DBS collection card as for patient samples. If several types/card manufacturers are used, a comparison method is required to determine comparative card stability, extraction, and media effects [130] .
Hematocrit effect
As mentioned earlier, the physical behavior of the whole blood drop applied is influenced by various parameters, such as; the level of hematocrit, the degree of hemolysis and the type of anticoagulant (if it was used). Currently, hematocrit is recognized as the most significant parameter affecting the characteristics of the blood spot (drying time, diffusion and homogeneity) and the reproducibility of the analysis. The effect of the hematocrit is more significant when not analyzing the entire sample of the DBS, but a disc cut out from the spot. Therefore, the development of a validation method for the application of DBS samples should also include studies of the effect of hematocrit change on measurement and analysis results [131] .
Application of internal standard
Including an internal standard (ISTD) in the processing of DBS samples is an important step and should ideally take place at an early stage of the process. 1) Collection cards pre-treated with ISTD may be prepared prior to application of blood. This ensures that both the ISTD and the analytes are subjected to the same carrier and extraction effects. However, this approach can not logically be feasible in multiple studies. 2) Typically, manual extraction methods use the ISTD integration approach in the DBS at the stage of solution preparation for elution/ extraction. In this case, ISTD is extracted together with the target analyte. 3) Adding ISTD to the sample at the extraction/preparation stage is another simple alternative. However, since ISTD does not fully interact with the carrier, the variations in elution are not taken into account. 4) When using the DBS sample preparation technology in an automated mode, ISTD is sprayed onto a blood stain prior to extraction, using Touch-spray technology [132] [133] [134] .
Sample contamination
The contamination of the sample is an important problem for the analysis of DBS-MS. Pollution can have different sources, including: physical contact "card-card" during storage; contact "spot-stain" through the device for cutting discs or during subsequent preparation of the sample through a pipette-dispenser or analytical column) [129] . To avoid this problem, either a purification step or an empty map between the samples is recommended [135] .
Internal quality control
The preparation of samples for internal quality control (IQC) for DBS analysis requires special recommendations, as compared to liquid phase biological samples. The main problem with internal quality control is that the carrier conforms to the carrier on which a patient's blood drop is applied [130] . Ideally fresh samples of whole blood, without hemolysis signs, with a closely matched hematocrit level in the study group, should be selected for the preparation of IQC samples [136] . The samples should be applied and eluted with patient samples.
External quality control
External quality assessment (EQA) is considered important tools for assessing the reliability of an analytical procedure, as well as for monitoring the quality of laboratory indicators. The UK National External Quality Assessment Service (UK-NEQAS), the European Research Network for Evaluation and Improvement of Screening, Diagnosis and Treatment of Hereditary Metabolic Disorders (ERNDIM) and the US Centers for Disease Control and Prevention (NSQAP) provide various schemes for DBS testing for screening purposes newborns. However, there is no additional EQA program to ensure the accuracy of the DBS analysis that is not relevant to newborns screening. Consequently, for most DBS analyzes, there is no expert evaluation of laboratory characteristics.
Conclusion
A modern successful metabolomics study requires the simplification of sample preparation to prepare crafted samples, which will provide high-quality data. For metabolomic profiling DBS analysis using direct mass spectrometry applications is now broadly applied. As a less invasive sampling method, DBS offers a simple collection protocol, and it is easy to store and transfer samples. Analysis of an individual's blood metabolome using DBS method provides a valuable approach for real-time health status monitoring that is critical in the era of precision medicine. However, there are still a lot of challenges envisaged in sample preparation. Standardization for sample preparation is crucial in metabolomics study, which allows us to increase the number of measured and annotated compounds. In addition, quality control in a protocol is necessary to allow cross-laboratory comparisons.
